The LaMg 2 Cu 9 , PrMg 2 Cu 9 , LaMg 2 Cu 4 Ni 5 , PrMg 2 Cu 4 Ni 5 and TbMg 2 Cu 6 Ni 3 alloys were prepared for the investigations of crystal structure, magnetic and hydrogen storage properties. The magnetic properties of several REMg 2 Cu 9-x Ni x compounds have been studied up to 9 T and from 2 to 300 K. Tb compounds show a ferrimagnetic (with Ni) or antiferromagnetic (without Ni) behaviour, which can be attributed to the Tb magnetic structure. At high temperature a paramagnetic Curie Weiss behaviour is observed and the effective moment corresponds to that of Tb. A magnetic contribution of Pr moment is observed in both Pr compounds, with larger magnetization for PrMg 2 Cu 4 Ni 5 and a transition at 3 K. The hydrogen absorption occurs at 95 bar for LaMg 2 Cu 9 (3 H f.u. ).The effect of Cu-Ni substitution on the electrochemical properties of LaMg 2 M 9 ternary alloys was investigated leading to maximum discharge capacity of 250-310 mAh g -1 .
Introduction
Last few years, the nickel-metal hydride batteries using REM 5 -type (RE = rare earth, M -d-metals) hydrogen storage alloys as negative electrode materials have been widely adopted in various electronic devices [1] . However, due to the limited electrochemical capacity (~300 mAh g -1 ) of REM 5 -type alloys, the energy density of the Ni/MH batteries is not competing favourably with some other advanced secondary batteries. Recently, based on the discovery of a new type of RE-Mg-Ni system alloys with REMg 2 Ni 9 rhombohedral ordered superstructures to PuNi 3 -type and a high hydrogen storage capacity [2] [3] [4] [5] , some of the RE-Mg-Ni based alloys have been found to have a much higher discharge capacity than that of the REM 5 -type alloys.
A series of ternary compounds REMg 2 Cu 9 (RE = Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Yb) were reported in our previous papers [6] . These phases crystallize with an ordered version of the binary hexagonal structure type first reported for CeNi 3 . In the ternary system with nickel and cobalt at x=0.67 the formation of REMg 2 M 9 (M=Ni, Co) rhombohedral ordered superstructures to PuNi 3 -type was obtained. A review on structural and thermodynamic properties of several REM 3 compounds was reported by .
The effect of Ni content on the crystal structure and electrochemical properties of the La 2 MgNix (x = 8.7-9.9) alloys was investigated by Li [8] . All the alloys are composed of a main phase with hexagonal PuNi 3 -type structure and a small quantity of impurity phases (LaNi 5 , MgNi 2 ). The increase of Ni content in the alloys leads to a lower hydride stability. As Ni content increases, the discharge capacity of the alloys at 50 mA g -1 increases slightly and passes through a maximum of 411.5 mAh g -1 at x = 9.0.
The effect of partial substitution of Co for Ni on the structure and electrochemical properties of the thus formed La 2 Mg(Ni 1−x Co x ) 9 (x = 0.1-0.5) quaternary alloys was investigated by Liao [9] . All alloys consist of a main phase with hexagonal PuNi 3 -type structure and a few impurity phases (mainly La 2 Ni 7 and LaNi). The increase of Co content in the alloys leads to an increase in both the cell volume and the hydride stability. The discharge capacity of the alloys at 50 mA g -1 increases slightly with the increase of Co content and passes though a maximum of 404.5 mAh g -1 at x = 0.2. In the present work, REMg 2 (Cu 1−x Ni x ) 9 alloy samples were prepared. The effect of Cu substitution for Ni on the crystal structure, the magnetic and hydrogenation properties of the alloys with different rare-earth metals were systematically investigated.
Experimental procedure
Starting materials for the preparation of the REMg 2 (Cu 1−x Ni x ) 9 alloys were the elemental metals, all with nominal purities >99.9 wt.%. Cu and Ni were supplied by Aldrich Chemical Company Inc., USA, Mg and rare earth metals by Newmet Koch, Waltham Abbey, England. All samples, each with a total weight of about 1 g, were prepared by melting the stoichiometric mixture of the components in an induction furnace under a stream of pure argon, in arc-sealed tantalum crucibles. Samples were re-melted by arc melting.
The crucibles containing the alloys were then sealed in silica ampoules under argon, annealed in a resistance furnace at 400 o C for 4 weeks, and finally quenched in cold water. After the annealing, the samples could readily be separated from the tantalum crucible. No sidereaction of the samples with the crucible was detected. The samples were stable against air and moisture as compact buttons as well as fine-grained powders. Flat lamina single crystals exhibiting metallic lustre, were isolated by mechanical fragmentation from the annealed samples. The chemical composition of the samples was measured by electron probe microanalysis (EPMA) using a SX100 CAMECA device.
Single crystal data were collected at room temperature by using a four-circle diffractometer (Xcalibur Oxford Diffraction diffractometer) with CCD detector (graphite monochromatized Mo-Kα radiation, λ = 0.071073 nm). Intensity data collection was carried out on single crystals extracted from the mechanically fragmented alloys which had the form of a compact ingot. The crystal was mounted on glass fibers using quick-drying glue. Data were collected at ambient conditions (295 K) on a four-circle diffractometer (Xcalibur Oxford Diffraction) equipped with a CCD. Unit cell parameters were refined from all the observed reflections [I>2σ(I)]. Scans were taken in the ω mode, the empirical absorption corrections were made by CrysalisRed [10] . Intensity data were collected over the reciprocal space up to ~27 Å in θ and with exposures of 25 s per frame. The crystal structures of all ternary compounds investigated in present work were successfully solved by direct methods and refined using SHELX-97 package programs [11] , atomic coordinates were standardized by STRUCTURE TIDY [12] .
The magnetic properties of several REMg 2 Cu 9-x Ni x compounds have been studied with a Physical Properties Measurement System (PPMS) from Quantum Design which can reach 9 T and works from 2 to 300 K. AC susceptibilities were measured at zero field and for frequencies up to 10 kHz for Pr and Tb compounds.
The absorption properties of LaMg 2 Cu 9 , PrMg 2 Cu 9 , LaMg 2 Cu 4 Ni 5 , PrMg 2 Cu 4 Ni 5 and TbMg 2 Cu 6 Ni 3 compounds were investigated by solid-gas reaction using a Sieverts apparatus. The Pressure -composition isotherm of LaMg 2 Cu 4 Ni 5 was measured at 25°C.
The electrochemical properties of REMg 2 M 9 alloys were measured by means of simulated battery test.
Results and discussion

EPMA characterization
Results of microprobe analysis and X-ray powder diffraction measurements have shown that the prepared ternary and quaternary samples contain the REMg 2 Cu 9 and REMg 2 M 9 (M=Cu, Ni) as main phase respectively. The amount of secondary phases, either ternary or quaternary is increasing from light to heavy rare earths. The micrographies of the intermetallic compounds associated with the at% of each element are presented in Fig. 1 showing a complex microstructure. The chemical composition of the intermetallics obtained from EPMA analyses are reported in Table 1 .
LaMg 2 Cu 9 beside the REMg 2 Cu 9 main phase contains some inclusions of MgCu 2 . Inclusions in PrMg 2 Cu 9 are enriched in Mg and Cu, with a depletion of RE element. For TbMg 2 Cu 9, the second phases are enriched in Cu but are either Tb or Mg rich depending of the zone analysed in the sample as observed in the at% of each element (Fig. 1) .
The quaternary compounds display very complex microstructures. For LaMg 2 Cu 4 Ni 5 the main second phase is of REM 5.3 composition whose formula is LaCu 1.4(1) Ni 3.9(1) . For PrMg 2 Cu 4 Ni 5 beside the PrMg 2 M 9 main phase, inclusions of PrCu 1.7 Ni 3.4 (REM 5 type) and (Pr 0.17 Mg 0.83 )(Cu 0.66 Ni 0.34 ) 2 (REM 2 type) were found. These second phases are derived from PrNi 5 and MgCu 2 compounds, with some partial substitution of the other complementary element (for example Cu for Ni or Ni for Cu). In the case of TbMg 2 Cu 6 Ni 3 the microstructure is finer, and the separation between the different phases is more difficult to determine. However the ratio of M/(RE+Mg) varies between 3 and 12, showing that transition metal reach phases can be formed.
Crystal structure of REMg 2 Cu 9-x Ni x compounds
Since the crystal structure of REMg 2 Cu 9 ternary phases were already reported in our previous paper [6] , only results of structural investigation of quaternary phases LaMg 2 Cu 4 Ni 5 , PrMg 2 Cu 4 Ni 5 and TbMg 2 Cu 6 Ni 3 are reported here in details. Systematic absence analyses of the intensities clearly indicate a hexagonal symmetry and the following possible space group P6 3 /mmc. The structure solution was first tried in this centrosymmetric space group. The starting atomic parameters were deduced from an automatic interpretation of direct methods followed by difference Fourier syntheses using SHELX-97 package programs yielding a starting model with 6 independent positions. This structure is the same as TbMg 2 Cu 9 structure type. All the relevant crystallographic data and the experimental details of the structural determination of the LaMg 2 Cu 4 Ni 5 , PrMg 2 Cu 4 Ni 5 and TbMg 2 Cu 6 Ni 3 single crystals are listed in Table 2 . The refined positions and thermal displacement parameters are listed in Table 3 . In Fig. 2 the projection of the PrMg 2 Cu 4 Ni 5 structure onto the x-y plane is presented as an example. The main phase from these quaternary alloys has the same crystal structure and crystallizes in the hexagonal TbMg 2 Cu 9 structure type [6] . This hexagonal structure type may be described as an intergrowth of related slabs of the types CaCu 5 and Laves phases (MgCu 2 or MgZn 2 ) having composition REM 5 and MgM 2 (Fig. 3) .
As the EPMA analysis shows the presence of second phases beside the main REMg 2 (Cu,Ni) 9 phase, the composition of the alloys was also studied by powder x-ray diffraction in order to obtain a quantitative analysis of the crystalline second phases. For all the studied compounds the main phase is hexagonal cristallizing in the P6 3 /mmc space group and isostructural to TbMg 2 Cu 9 (superstructure to CeNi 3 type). There is one exception for LaMg 2 Cu 4 Ni 5 whose XRD pattern is better described with a mixture of a rhombohedral phase isostructural to LaY 2 Ni 9 (R-3m space group, PuNi 3 -type) [7] and a significant amount of CaCu 5 phase. This structural result is different from the single crystal analysis, which was performed on a small amount of compound extracted from the ingot. It is therefore possible that both PuNi 3 and CeNi 3 type of structure coexist for this sample.
3.3.
The analysis of the magnetic properties of several REMg 2 Cu 9-x Ni x compounds is summarized in Table 5 .
LaMg 2 Cu 9 has a very small magnetic signal at 290 K. At low temperature we observe the contribution of magnetic impurities.
The magnetization versus field curve M(H) of LaMg 2 Cu 4 Ni 5 at 290 K displays a slope of 4×10 -4 emu mol -1 Oe -1 and a spontaneous magnetization (M S ) extrapolated from high field to zero field of 18.4 emu mol -1 (0.0033 µ B f.u.
-1 ). The M(H) of LaMg 2 Cu 4 Ni 5 at 2 K displays a small ferromagnetic contribution with M S =0.12 µ B (Fig. 4) , which could correspond to the ferromagnetic contribution of very small segregated Ni particles not visible by XRD or EPMA. This spontaneous magnetization should correspond to 0.05 wt% of Ni.
The comparaison of the magnetization versus temperature (M(T)) of the two Pr compounds (Fig. 5a ) reveals a significantly larger increase of the magnetization at low temperature for PrMg 2 Cu 4 Ni 5 (PMCN) compared to PrMg 2 Cu 9 (PMC). The real χ' and imaginary χ" components of the AC susceptibility of PMCN display a peak with a maxima at 3.3 K, which position is not sensitive to the applied frequency Magnetic measurements on REMg 2 Cu 9-x Ni x compounds (Fig. 6) . The M(H) curves at 2 K (Fig. 5b) , show that for both samples the saturation is not reached at 90 kOe, but that of PMCN is closer from the saturation. The magnetization extrapolated at zero field are respectively 0.55 µ B f.u.
-1 for PMC and 1.18 µ B for PMCN. These values, which are significantly larger than those of La compounds, should be related to the contribution of the Pr moments. However, since these values are smaller than the free Pr ion (3.5 µ B ) a canting or a strong crystal field effect should take place.
The inverse of the susceptibility (1/χ) of PMC determined from the M(H) slopes or from the curve at 90 kOe is not linear versus T. This means that we do not have a simple Curie Weiss (CW) law, related to a paramagnetic behaviour of Pr. The inverse of the susceptibility of PMCN measured at 15 kOe displays a linear behaviour and can be refined with an effective moment µ eff = 1.19 µ B and a slightly negative paramagnetic temperature θp = -0.4 K.
The magnetizations versus field and temperature of the two Tb compounds (Fig. 7) clearly show different magnetic behaviours at low temperature.
The M(T) curve of TbMg 2 Cu 9 (TMC) at 300 Oe displays a broad peak at 10 K (inset of Fig. 7a ) which can indicate an antiferromagnetic (AF) behaviour. The peak maximum is shifted to 12 K for larger applied fields (5 and 15 kOe). At high temperature the M(H) curves are linear (Fig. 7c) and a paramagnetic CW behaviour of 1/χ is observed (Fig 7b) with µ eff = 9.76 µ B and θp = -3.33 K; this negative θp value is in agreement with the presence of AF correlations. In addition 1/χ displays a minimum at 10 K, as expected for AF transition. The χ' component of the AC susceptibility displays also a maximum at 10 K, which is not sensitive to the frequency (Fig. 8a) . The M(H) curves below 10 K (Fig. 7d) present a deviation from linearity with two inflexion points at 27 and 63 kOe (determined from δM/δH); this M(H) variation can be attributed to a reorientation of the Pr moments under applied field.
The evolution of the M(T) curve of TbMg 2 Cu 6 Ni 3 (TMCN) at 300 Oe indicates a sharp transition at T 1 = 23 K (Fig. 7a) . A further magnetization increase is observed at lower temperatures. The AC susceptibility measurements confirm the existence of two transitions with peaks at T 1 = 22 and T 2 = 4.5 K for ν = 10 Hz (Fig. 8b) . The temperature of the cusp at 4.5 K is shifted to 6 K as the frequencies increase from 10 to 10000 Hz. A linear relationship between T2 max and log(ν) is observed. Such temperature variation versus frequency is usually observed for the freezing temperature in the case of a spin glass behaviour [13] . The reverse susceptibility indicates a CW behaviour with µ eff = 9.8 µ B and a paramagnetic temperature θp = 18.4 K which is near T1 measured at 300 Oe. The M(H) curve at 2 K is close to saturation with M S = 4.4 µ B and displays a weak hysteresis effect with a coercive field C hB = 1130 Oe and MR = 1.56 µB. As the saturation magnetization Ms = 4.4 µ B is less than half the value of the free ion Tb moment (9.7 µ B ), this indicates a ferrimagnetic behaviour with a canting of Tb moments and/or strong crystal field effects. These results clearly show that the Cu by Ni partial substitution has a drastic influence on the magnetic order of Tb moment, changing the sign of the Tb-Tb interactions. This difference can result from two effects: the modification of the 3d band filling and therefore of the DOS at the Fermi level by the Ni for Cu substitution and the decrease of the Tb-Tb distances from 4.99 Å (TMC) to 4.91 Å (TMCN). The Tb-Tb interactions are of RKKY type and therefore sensitive to the change of distances. Nevertheless, the question remains whether these magnetic properties are those of the major cristalline RMg 2 (Cu, Ni) 9 phases, which have been observed by X ray diffraction of it, or if they are also influenced by the complex microstructure observed by EPMA. The interpretation of the magnetic properties has been performed assuming that they belong to the crystalline phases observed by XRD. It means that the other phases with different concentrations (REM 2 and REM 5 ) observed by EPMA, which are not long range ordered, can be considered as impurities or reflect the distribution in the stacking of REM 2 and REM 5 units which constitutes the structure of the 1:2:9 phases. A study of the structural and magnetic properties of the REM 2 and REM 5 phases observed by EPMA should be the subject of a further investigation.
Hydrogenation and electrochemical properties
LaMg 2 Cu 9 absorbs 3 H f.u -1 (0.4 wt%) under 94 bar and at 25°C. X-ray diffraction pattern at ambient pressure and temperature after hydrogenation shows a broadening of the line corresponding to LaMg 2 Cu 9 due to some defects induced by H aborption and small additional peaks indicating the partial decomposition of sample upon hydrogenation. The main phase has probably absorbed hydrogen, but this phase was not stable at ambient pressure and has probably desorbed. LaMg 2 Cu 4 Ni 5 absorbs 1.6 H f.u -1 (0.2 wt%). Pressure-composition isotherm was measured at 25°C (see Fig. 9 ). Equilibrium pressure was found to be around 2 bars. The XRD pattern after the PCT measurement shows also a line broadening of the parent material.
PrMg 2 Cu 9 and TbMg 2 Cu 9 do not absorb hydrogen at 10 bar. Attempts to absorb hydrogen at higher pressure were also not successfull. This can be explained by their smaller cell volume, which will increase significantly the equilibrium pressure, as observed for example in RENi 5 compounds [14] .
The electrochemical properties of LaMg 2 Cu 9 , LaMg 2 Ni 9 , and LaMg 2 Cu 4 Ni 5 alloys were measured by means of simulated battery test. The discharge capacity was determined galvanostatically by using an automatic charge/discharge unit. Each electrode was charged at 100 mA g -1 for 5 h followed by a 10 min rest, and then discharged at 25 mA g -1 . The test electrode was separated from the counter electrode (Ag 2 O or Ni(OH) 2 ) by a porous frit in 6M KOH aqueous solution. The results indicate that some negative electrodes of the alloys show a good cycle of life and a good discharge capacity.
It was obtained that the maximum discharge capacities of the alloy electrodes are 250-310 mAh g -1 . Partial substitution of copper for nickel in LaMg 2 Cu 9 leads to an increase in discharge capacity, which is close to its value for LaMg 2 Ni 9 (Fig. 10) .
Conclusion
The intermetallic compounds LaMg 2 Cu 9 , PrMg 2 Cu 9 , TbMg 2 Cu 6 Ni 3 and REMg 2 Cu 9-x Ni x (RE = La and Pr) were synthesized in the present work and their crystal structure was determined. All synthesized compounds crystallize in the hexagonal TbMg 2 Cu 9 structure type (ordered version of the binary CeNi 3 structure). The formation of ternary phases, which are structurally related to the binary phases of RE-M systems was observed in earlier studies of ternary systems containing rare earth metals, transition elements and magnesium [15] [16] [17] [18] at low temperature compared to the one without Ni (PMC). The Tb compounds shows an antiferromagnetic behaviour with T N =10 K for TbMg 2 Cu 9 and a ferrimagnetic behaviour, with two magnetic transitions at 23 and 6 K for TbMg 2 Cu 6 Ni 3 . The hydrogen absorption occurs for LaMg 2 Cu 9 (3 H f.u.
-1 ) and for LaMg 2 Cu 4 Ni 5 (1.6 H f.u.
-1 ). The maximum discharge capacity up to 310 mAh g -1 is obtained for LaMg 2 M 9 ternary alloys.
